Abstract: In our earlier works, a new and viable strategy for bulk polymerization of methyl methacrylate (MMA) and styrene (St) with copolymers of poly(AMS-co-GMA) (PAG) of α-methyl styrene (AMS) and glycidyl methacrylate (GMA) has been reported. Herein, we report on the achievements of the compatibilization of the blend system of polypropylene (PP) and Nylon 6 (Ny6) and the functionalization of PP with PAG. The graft reactions of PAG onto PP in solution and molten state were investigated respectively, and the functionalized production was confirmed by the FT-IR spectra. Through SEM, the in-situ compatibilization of PP/Ny6 blends with PAG was observed. And the block copolymers of PP-b-PAG-b-Ny6 in the blends were characterized by FT-IR, which confirmed the "compatibilizing effect" of PAG in the blend system.
Introduction
Polymer blends provide an effective and economical way to create new materials either in industrial application or in science investigation. The final physical or chemical properties of polymer blends depend mostly on both the interfacial properties and the properties of components. Since most polymer pairs are thermodynamically immiscible, the interdiffusion of molecules is not enough to create entanglements on both sides of the interface, leading the very weak interfacial fracture strength between them [1] . A prevalent way to improve the interfacial properties is by adding reactive (or chemical) compatibilization to the polymer blends [2~5].
The functionalized polypropylene (PP) with reactive groups have been used extensively as in-situ compatibilizer in polymer blends [6~8] . The functionalization is usually achieved by grafting polymerization of functional monomers onto PP in molten state which is initiated by organic peroxides [9~12] . Nevertheless, this method displays some obvious shortcomings as described: (1) the short half-time of organic peroxides initiator makes the reaction process too drastic to be controlled at the melting grafting temperature; (2) many undesirable secondary reactions, especially serious degradation through β-scission, usually accompany the grafting process; (3) the residual monomer and initiator usually lead to the reduction of the mechanical property of the blends; (4) the volatilization of monomer (especially some toxic monomer) makes the environment to deteriorate severely. So, it is both scientifically challenging and industrially important to develop a new method by which functionalized polypropylene can be prepared in the absence of organic peroxides initiator and monomer.
In our previous works, an important result has been found that the oligomers PAG can be used as macroinitiator in the bulk polymerization of methyl methacrylate (MMA) and styrene (St) [13] . Based on that, we designed a series of researches to confirm the generation of free radicals during depolymerization of PAG and some important results have been obtained. Herein, we mainly report the graft reactions of PAG onto PP in solution and molten state. The mechanism of the possible functionalization reaction is illustrated in Figure 1 . The first step of the reaction is the formation of the initial free radicals. When the copolymer PAG is heated to certain temperature, the chains are cleaved and the free radicals are generated. The second step of the reaction is the formation of PP macromolecular radicals. Ignoring the effect of oxygen for the reaction, PP macromolecular radicals are obtained mainly from the abstracting active tertiary hydrogens on PP backbone by PAG radicals by chain transfer. Finally, the coupling of PP macromolecular radicals with the PAG radicals leads to the formation of the desired functionalized copolymer.
Hypothesis of reaction mechanism
Reaction mechanism of melt grafting Figure 2 illustrates the main cause of the formation of PP macroradicals in the melt grafting. The melt grafting starts with the formation of macroradicals along the PP chain mainly by an oxidation reaction described as Figure 2 . Since the grafting process was performed at high temperature with the trace oxygen, and the shearing force also could lead to the formation of PP macroradicals, the degradation that happens from heating together with oxygen is the main origination of PP macroradicals. Akin to the mechanism mentioned above in solution grafting as described in Figure 1 , the radicals containing GMA and AMS component come from the depolymerization of the copolymer PAG. The subsequent reactions are the same as the solution grafting. 
Results and Discussion

Solution grafting
Considering it being easier to realize, solution grafting was performed first. Four experiments were carried out under different conditions as summarized in Table 1 . The results showed that it was feasible for the copolymer PAG to act as the macroactivator, which can initiate free radical polymerization. This also has been confirmed by other investigations in our laboratory which will be reported in the future paper.
As can be seen from Table 1 , whether the solution grafting can be realized or not was effected greatly by the AMS content in the copolymer PAG. The increase of the AMS content in PAG is in favour of the solution grafting reaction (PAG4, PAG2).
FTIR analysis of the solution grafting product
The presence of the GMA groups grafted onto PP was confirmed by FTIR. Representative FTIR spectra of the PP-g-PAG and pure PP are shown in Figure 3 and Figure 4 , respectively. In Figure 3 , the characteristic absorption bands of ester carbonyl groups (corresponding to antisymmetric C=O stretching) can be seen from the peak at 1729.23 cm -1 in the spectra of the grafted samples but not be seen in that of virgin PP. Also, there occurred new absorption bands at 760.32 and 702.08 cm -1 (see Figure 4 ) which was attributed to C-H vibrations of aromatic groups of AMS. This result showed that the part of chain links of GMA and AMS in PAG has been grafted onto the molecular chains of PP. Since the solution grafting was being performed in N 2 atmosphere, the only possibility of the origination of free radicals were the depolymerization of the copolymers PAG. 
Tab
Melt grafting
Different from solution grafting, melt grafting was performed at atmosphere with the trace oxygen. Thus, oxidation of PP might occur during the melt mixing procedure, resulting in the formation of the peroxide products. Because of the instability of the peroxide groups, PP macroradicals can also be produced (shown as Figure 2 ). Furthermore, shearing force coming from the rotational rotors in the chamber of the plasticorder also can lead to the generation of PP macroradicals. On the other hand, PAG depolymerizes at such high temperature as 190 °C and short chain free radicals containing GMA and AMS component can be produced. At last, the coupling of the PP macroradicals and the free radicals from PAG resulted in the functionalized products of PP.
FTIR analysis of the melt grafting product
The FTIR spectra of the pure PP and PAG4 grafted PP are shown in Figure 5 . In the cases of PP-g-PAG, new absorption bands are at about 1725 cm -1 , 760 cm -1 and 702 cm -1 , which are the same as the IR spectra of solution grafting PP mentioned as above. Figure 6 shows the effect of reaction time on the graft degree of GMA and AMS of the grafted PP when the weight ratio of PP and PAG was fixed at 80/20 and the reaction temperature was fixed at 220 °C, respectively. The figure shows that the values of R a increased along with the increasing of reaction time, indicating that the grafting degree was drastically affected by the reaction time. These results proved that the depolymerization degree of the copolymer PAG increased with the increase of the heating time.
In-situ compatibilization of PP/Ny6 blend with PAG Based on the above results, it can be confirmed that the copolymer PAG can be used as macroinitiator and GMA component can be grafted onto PP backbone in the absence of any other initiator such as organic peroxide. Thinking of the simpleness of the processing procedure, we attempted to add PAG directly into the blends system of PP/Ny6 and investigated whether PAG can make the role of in-situ compatibilizer. PP/Ny6 blends were in a weight ratio 80/20 with copoylmer PAG. As is known, PP and Ny6 are immiscible polymer. When PAG is added into PP/Ny6 blends, the epoxy groups on PAG are able to react with the Ny6 amine terminal groups and form PP-b-PAG-b-Ny6 copolymer during melt mixing, and a strong interfacial bonding was assumed to form at the interface of PP-Ny6. These copolymers have a strong tendency to concentrate at the PP-Ny6 interface, and they act as emulsifiers and reduce the interfacial tension.
Effect of the AMS content
A group of experiments were addressed to investigate the influence of the content of AMS in blend system on the compatibilization effect. Figure 7 shows SEM photomicrographs of PP/Ny6 blends containing 5wt% compatibilizer PAG with the weight ratio of PP/Ny6 fixed at 80/20, in which the Ny6 phase has been etched with formic acid. As can be seen from Figure 7 , the particle size of the blend displays a minimum as a function of AMS content. The large particle size without evidence of adhesion between the matrix and dispersed phase confirmed the incompatibility of the two components. When the blend was prepared in the absence of PAG, the uncompatibilized blend of PP/Ny6 had a coarse morphology formed by inhomogeneous discrete Ny6 domains embedded in the PP continuous phase with domain size as large as 5 to 10 µm. The presence of 5wt% PAG with different AMS content in PAG clearly resulted in the smaller domain size of Ny6. An even larger reduction in the dimensions of the dispersed phase was observed when higher content of AMS was used. And for the blend PP/Ny6/PAG4, the particle size of dispersed phase decreased to so small that it can hardly be seen at the same magnification. Better dispersion and improved interfacial adhesion should be attributed to the formation of PP-g-Ny6 copolymer by the reaction of epoxide group with the terminal amine groups of Ny6 during the melt mixing.
The grafting reactions discussed above were all initiated by the depolymerization of PAG, and the depolymerization of the copolymer results from the occurrence of α-methyl styrene in the backbone of the copolymer. So it can be deduced that the depolymerization degree increase along with the increasing of the content of AMS in the copolymer, which results in the larger number of free radicals. If the proposed mechanism is true for the procedure of PAG grafted with PP, it is obviously predictable that the grafting degree should increase with the increasing of the content of AMS in the copolymer. 
Characterization of the copolymer formation
The results from the FTIR characterization of the PP/Ny6/PAG blends after extracted with formic acid for 16 h together with the spectrum of neat PP and Ny6 are presented in Figure 8 . Before being etched with formic acid, the products were first dissolved in refluxing xylene, and then precipitated into an excess of acetone and washed repeatedly with acetone. Thus, the unreacted PAG has been removed completely from the blends. When the compatibilized blends PP/Ny6/PAG was extracted with formic acid, unreacted Ny6 was dissolved completely whereas PP and PP-g-Ny6 remained. Figure 8 shows that (1) the peak centered at 3300 cm -1 corresponds to symmetrical stretching vibration of the N-H band in the -NH 2 group, and the peak at about 1540 cm -1 and 1640 cm -1 attributes to bending vibration of the N-H band in the -NH 2 group, while they do not appear in the neat PP; and (2) the characteristic peaks at 1728 cm -1 , corresponding to the stretching vibration of carbonyl group in ester group, does not appear in the neat PP and neat Ny6. This indicates that very high concentration of PP-b-PAG-b-Ny6 block copolymers are generated during the melt mixing, which confirmed the "compatibilizing effect" of PAG in the blend system again. For further confirmation of the formation of the block copolymer, the PP phase of a compatibilized PP/Ny6 blend was extracted with xylene for 6 h. The residue of the Soxhlet extraction was characterized with FTIR, and very strong NH 2 group peaks together with the characteristic peak of carbonyl group were also observed in the IR spectrum.
Conclusions
It has been both scientifically and industrially desirable to develop functionalized PP used as compatibilizer of polymer blends with a pure system. In this paper, a novel route has been designed elaborately for preparing functionalized PP based on depolymerization of AMS component in the copolymer PAG. As can be seen from FTIR spectra of functionalized samples, this method was favourable to obtain functionalized PP. PAG was used as in-situ compatibilizer for PP/Ny6 blends and SEM micrographs of the blends PP/Ny6/PAG indicated that the compatibilizer (PAG) had a pronounced effect on the enhancing the miscibility in PP/Ny6 blend.
Experimental part
Materials
Poly(AMS-co-GMA) (PAG) containing different AMS content was synthesized and the procedure was described in detail in a previous paper [14] . The characteristics of PAG used in this study are summarized in Table 2 Both acetone and xylene (Beijing Yili Chemical Regent Co., China) were analytically pure grade and used without purification. Formic acid (Beijing Chemical Regent Co., China) was also analytically pure grade and used without purification. PP microporous sphere, JLT30S (Jinan Filiale of Chinese Petrochemical Co.), with a melt-flow index of 3 g/10 min (ASTM, 230 °C, 2.16 kg). Ny6 (Ube Industries Itd.1, Japan) was dried at 80 °C for 24 h before use.
Solution grafting
The experiments were carried out in a 250 mL round-bottom, four-neck flasks equipped with a condensor, a nitrogen gas inlet, a thermometer and a mechanical stirrer. Dissolved oxygen was removed from the reaction solution by nitrogen purging for at least 15 min prior to the set being submerged into a thermostated silican oil bath. Then the solution was kept at 160 °C for a stated time. When time is up, the polymerization solution was in turn poured into an excess of acetone to precipitate the copolymer, filtered off, washed with acetone several times, and then dried. To remove entirely the residual PAG, the samples were soxhlet-extracted with acetone for 30 h.
Melt grafting
The melt grafting of PP with PAG was performed in an internal batch mixer (Brabender Plasticorder). Torque and temperature were monitored and recorded online. 40 g PP and 8 g PAG were premixed in a container, and then fed into the preheated mixing chamber. The processing conditions were mixing temperature of 190 °C and rotor speed of 30 rpm, respectively. When the predetermined time was up, the samples were taken out from the mixing chamber and pressed into lamella in order to be cooled rapidly. The samples were dissolved and purified in refluxing xylene, and then precipitated into an excess of acetone at room temperature. The precipitation was filtered and washed with acetone several times to remove the residual PAG.
Blend Preparation
The blends PP/Ny6 in-situ compatibilized with the copolymer PAG and the blend PP/Ny6 were prepared in an internal batch mixer (Haake Polylab System with a capacity of 50 cm 3 ), the data of the torque and temperature have been obtained from software in the instrument itself. The mixing temperature was kept constant at 210 °C and time at 10 minutes using a rotor speed of 50 rpm.
Purification of the Samples
Firstly, the blend samples were dissolved in refluxing xylene, and then precipitated into an excess of acetone, filtered and washed with acetone several times to remove the unreacted copolymer PAG in turn. In the next step, the samples were Soxhletextracted with formic acid for 16 h. The purpose of this step is to remove the dispersed phase Ny6. Finally, the residual samples after the purification were Soxhlet-extracted with xylene for 6 h to remove the unreacted PP.
Quantitative FTIR Analysis
The grafting yields of GMA and AMS onto PP were determined by quantitative FTIR recorded on a FT-IR spectrophotometer (Nicolet Nexus-670). The IR spectrum was characterized by three peaks: the one at 2723cm -1 characteristic of the PP skeleton, the one at 1729 cm -1 corresponding to the ester carbonyl group of the grafted GMA, and the one at 702 cm -1 , related to the grafted α-methyl styrene. The first peak was chosen as an internal reference and the other two peaks were used to determine the grafting yields of GMA and AMS, respectively. The absorbance ratio (Ra) of the areas of the bands at 1729 and 2723 cm -1 showed the relative graft degree of GMA.
Similarly, the absorbance ratio of 702 and 2723 cm-1 showed the relative graft degree of AMS.
Morphological Characterization of the Blends
The mixed blends samples were pressed into 0.2 cm thick bars using a molding on a heating platform. Then they were held in liquid N 2 for some time and a brittle fracture formed. Before observation, the fracture surface was etched with formic acid for 1 h in order to dissolve the dispersed phase Ny6 and increase the contrast. The etched surface was kept in vacuum before coating it with a gold layer. The morphology was examined with a scanning electron microscope (JEOL JSM-6360LV).
